Plasmonic systems involve interfaces containing both a metal and a dielectric material. In an effort to investigate the scaling of the nonlinear response of the surface plasmon polariton at a metal/dielectric interface, where both the metal and the dielectric present optical nonlinearity, we introduce a figure-of-merit that quantifies the contribution of the metal and the dielectric to the nonlinear response in this specific situation. In the case of self-action of the surface plasmon polariton for the gold/dielectric interface, we predict that the dielectric nonlinear response is dominant for strongly nonlinear dielectrics such as polydiacetylenes, chalcogenide glasses or even semiconductors.
Nonlinear optics has enabled a variety of applications, including ultrafast lasers and amplifiers [1] , optical frequency conversion [2] and nonlinear microscopy [3] . Another potential application that has garnered considerable interest in the past decades is all-optical switching [4] . Driven by the goal of making efficient nonlinear devices with low control powers or high sensitivities, efforts have focused on studying nonlinear optics at the nanoscale, notably in plasmonic systems.
Surface plasmon polaritons (SPPs) are oscillations of charge density waves coupled to photons at a metal-dielectric interface [5] . SPPs stand out compared to other optical modes because their confinement is not restricted by the diffraction limit. As a result, SPPs concentrate fields at subwavelength scales to enhance the nonlinear response in metallic nanoparticles as well as on extended metal surfaces [6] [7] [8] . For almost two decades now, many theoretical proposals and experimental realizations have studied the nonlinear response of plasmonic systems, giving rise to the field of nonlinear plasmonics. Furthermore, the field of nonlinear metamaterials, in which artificial materials can be designed and fabricated that enhance nonlinear phenomena at optical frequencies, overlaps with nonlinear plasmonics [9] .
Studies of nonlinear plasmonic systems or metamaterials include nonlinear plasmonic waveguides [10] [11] [12] [13] [14] [15] , nonlinear self-action [16] , active control [17] , nanofocusing [18] , nonlinear switching [19, 20] and four-wave mixing [21] . As was recently pointed out by several groups [22, 23] , most of these studies make the assumption that the response of the metal is linear and that the nonlinearity only originates from the dielectric medium adjacent to the metal. De Leon et al. [22] and Marini et al. [23] argue that past experimental work has shown that the third-order nonlinear susceptibility χ (3) of metals can be enormous and can exhibit ultrafast behavior at optical wavelengths; this opens up the possibility of designing nonlinear plasmonic devices based on the intrinsic nonlinear response of the metallic component of the structure.
There is a great deal of uncertainty regarding the value of χ (3) for metals -notably for gold, for instance -due to the strong frequency dispersion of metal nonlinear susceptibilities at wavelengths below 800 nm. Past measurements of χ (3) have exhibited a variation in magnitude of more than four orders of magnitude, with a strong dependence on pulse duration [24] . In spite of this, it is important to determine the scaling of the nonlinear response from both the metal and the dielectric for a range of experimental conditions such as laser wavelength, pulse duration, metal/dielectric combination and geometry. For this reason, we introduce here an analytical figure-of-merit to assess the dominant nonlinear response of a nonlinear plasmonic system. We apply this metric to the simplest case of a plasmonic waveguide: a single metal/dielectric interface and focus on the case of gold to determine whether the dielectric or the gold nonlinear response dominates for several dielectrics. We study self-action of the SPP through the thirdorder nonlinearity and use full-wave numerical simulations to determine which nonlinear responses dominate in an optical switching scenario.
Structure investigated and analytical derivation of the figure of merit.
In the following, we consider solely a metal/dielectric interface as sketched in Fig. 1a . It consists of a semi-infinite metal slab that occupies the region y < 0 that is adjacent to a dielectric that occupies the region y > 0. The transverse profiles of the y-and x-component of the electric field are sketched on the figure. The spatial dependence of the surface plasmon polariton (SPP) field propagating in the positive x direction is given by SPP , )
and may be written in the form [25] ( ) focusing on the specific case of the gold interface with an arbitrary dielectric, we consider first the field component ratio for several metal interfaces having a common dielectric. For the spectral variations of ε m , we use the data from Palik's handbook for both gold and silver [26] and from Rakic et al. [27] for aluminium and copper and obtain the results in Fig. 1b , which compares the wavelength dependence of this ratio for ε d = 5 -a value that is typical for chalcogenide glasses.
For all metals, the field component ratio is large in the dielectric and small in the gold for wavelengths toward the red-end of the visible spectrum (i.e., above 600 nm), such that we may make the approximation that the total nonlinear polarization in the dielectric is mostly driven by the y-component of the electric field, whereas the total nonlinear polarization in the metal is mostly driven by the x-component of the electric field. This approximation is even more valid in the infrared, where the characteristic Drude model response of the metal is dominant, such that Under these approximations and for the case of self-action, the third-order nonlinear polarization may be decoupled for each half-space as
where the d and m subscripts and superscripts refer to the dielectric and metal, respectively, P
is the third-order nonlinear polarization, and χ
is the third-order nonlinear susceptibility. The relative importance of the dielectric nonlinear response in comparison to the metal nonlinear response is quantified by the ratio ρ of the spatial overlap integral in each medium between the nonlinear polarization and the SPP mode profile
This ratio is derived by treating the nonlinearity as a perturbation and considering its effect on the propagating SPP mode through coupled-mode theory [28, 29] . A justification for considering this ratio is derived in the Appendix. Here, we only consider unidirectional propagation of the SPP mode and neglect any back-scattering of the forward propagating mode and the nonlinear response. By introducing Eqs. (2) and (3) into Eq. (4) and making the approximation that
every time a fourth power of the modulus is involved, we obtain a convenient closed form expression for ρ given by
This ratio is used below to determine which of the two nonlinear responses dominates and it only depends on the material linear and nonlinear parameters.
Scaling of the nonlinear response for different gold/dielectric combinations.
From Eq. (5), we see that ρ depends most importantly on the ratio of Table 1 .
Of course, knowing the χ (3) of gold is paramount to computing this graph and its value should be chosen carefully from the wide range of published values. Indeed, there is a strong dispersion of experimentally measured values of χ (3) , both with wavelength and with the pulse durations used to make the measurement, which is due to the many processes contributing to the third-order nonlinear response in gold [24] . Very recently De Leon et al. [30] measured a value of χ carried out with very short laser pulses (∼ 100 fs) for which the relevant nonlinearity is believed to be the smearing of the Fermi-Dirac distribution function due to hot electrons [31] . As the pulse duration is increased, the third-order nonlinearity gradually transfers to a thermal nonlinearity with the heating of the lattice due to the hot electron relaxation, yielding values which are typically 100 times larger than the ultrafast value and which are often used to make theoretical predictions [22, 23] .
Ref. To produce Table 1 and compute ρ, we used the value measured by De Leon et al. [30] . Figure 2 shows that the nonlinear response of gold dominates for the case of weakly nonlinear dielectrics such as silicon dioxide and aluminium oxide. However, for strongly nonlinear dielectrics such as highly nonlinear polymers like polydiacetylenes (4BCMU) or chalcogenide glasses (As 2 Se 3 ) or even semiconductors (GaAs and Si), it is the dielectric nonlinear response that is dominant. Some cases are more difficult to determine, such as with titanium oxide, or with bismuth oxide and are likely to involve competition between the nonlinearities in each domain. It should be noted that the graph was produced for λ = 800 nm, but certainly captures the essential physics for wavelengths in the near infrared since χ (3) of gold is mostly constant for wavelengths greater than 750 nm [23] and since the SPP mode profile remains almost identical because of weak dispersion for most of the dielectrics considered here. For shorter wavelengths, obviously, the graph will be greatly modified due to the strong wavelength dispersion of both χ 
Full-wave simulations: the case of optical switching of the SPP.
Next, we use full-wave numerical simulations using the commercial software COMSOL Multiphysics based on the finite-element method and verify that the behavior shown in Fig. 2 can be used to understand optical switching of the SPP for a subset of dielectrics.
Optical switching of the SPP is a self-induced process in which the third-order nonlinear polarization given by Eqs. (2) and (3) produces an intensity-dependent modulation of the dielectric constant, given by
where ε L is the linear dielectric constant. This modulation in turn produces a modulation of the SPP effective mode index n SPP , which causes a decrease in the SPP propagation length, defined as the 1/e decay length of the SPP intensity. In the linear case, it is simply equal to
In some cases, the modulation of n SPP can produce an increase of l SPP . The relative increase or decrease in l SPP depends on the signs of both the real and imaginary parts of χ (3) . For instance,
we expect an increase of l SPP at λ = 500 nm, where both real and imaginary parts of χ (3) of gold are negative. 
where I 3 is the 3×3 identity matrix and where the relevant values of ε L and χ dominates. Both these observations are expected from the mapping of ρ (see Fig. 2 ).
The representation provided in Fig. 4 is quite convenient as it can be used to determine the potential size of a SPP switching device and the minimal control power required for operation. Bearing this in mind, we can provide a discussion on the values of S 0 in these simulations. First, it should be noted that the switching thresholds of S 0 scale proportionally with the inverse of χ
. This is indicated by the dotted curve in Fig. 4 , which corresponds to a simulation of the gold/air interface when the χ
of gold is equal to that found in [22, 23] , which is about two orders of magnitude larger than the χ
used for the rest of the simulations. The variation of the propagation length in this case occurs at values of S 0 that are within an order-ofmagnitude of those predicted by the De Leon et al. model [22] , which investigates small variations of the propagation length (∼10%). Second, the dashed line in Fig. 4 indicates the damage threshold of gold for pulses on the order of 100 fs [36] , which shows that, in this specific situation studied here, the single gold/air and gold/SiO 2 interfaces would actually constitute poor optical switches given the χ
for gold used in our present calculations. Higher χ
values will reduce the switching threshold. Some dielectrics (4BCMU and GaAs) enable operation well below the optical damage threshold. We stress that our simulations represent a best case scenario in that we do not consider competing nonlinearities that are likely to appear when S 0 becomes large, such as free-carrier nonlinearities in GaAs or Si [33, 34] . However the metric we have introduced and the analysis we provide can be applied to other situations, involving other nonlinear processes and different waveguide geometries to guide : a) the choice of the dielectric adjacent to gold, b) the device length and c) the command power required to operate a plasmonic device for a specific nonlinear application. [19] . The dashed line indicates the optical damage threshold of gold for 100 fs pulses.
In summary, we introduce a figure-of-merit ρ, which enables us to predict the dominant nonlinear response (metal or dielectric) for a given plasmonic problem. We evaluate this metric 
Appendix: Derivation of ρ
The single metal/dielectric interface is a single-mode waveguide for which the SPP field E SPP is a solution of the propagation equation
where β SPP = k 0 n SPP is the SPP propagation constant. Considering the third-order nonlinear polarization presented in Eqs. 2 and 3 to be a small perturbation, the nonlinear propagation equation of the perturbed case is given by ( )
From perturbation theory, we may consider αE SPP to be a solution to Eq. 
Applying the dot product with the complex conjugate of E SPP to both sides of Eq. (11) and integrating over the entire volume Ω of space, we obtain the relation
where Ω m and Ω d represent the metal and dielectric half-volumes, respectively, and 
It is clear that ρ << 1 ( ρ >> 1), implies that the nonlinear response is dominated by the metal (dielectric) half-volume. Because the single metal/dielectric interface is a one-dimensional problem, the volume integrals in Eq. (14) reduce to line integrals along a line orthogonal to the propagation direction, which yields Eq. (4). The calculation made here implicitly assumes that the nonlinear polarization included in Eq. (10) shares the same frequency as the electric field of the SPP mode.
It should be noted that, in the general case of subwavelength waveguides, such as microstructured fibers, a full vectorial model of nonlinear propagation is required to account for the role of the longitudinal component of the electric field, which can result in a totally different nonlinear behavior to that expected from classical nonlinear models [37] . The reason for this is that the fundamental mode can have two polarizations, which are not orthogonal to one another in the classical sense (i.e. for the transverse fields), if the longitudinal component of the electric field is strong. In such cases, the nonlinear propagation equation takes a different form to that presented in Eq. (12) . We refer readers to Afshar et al. [37] for further reading on the subject, but this observation does not apply to plasmonic waveguides, because the fundamental mode only has a single polarization that is transverse magnetic.
